Large-scale oriented K-doped ZnO nanotapers were successfully grown on fluorine-doped tin oxide glass substrate using a facile electrochemical route. FESEM, TEM and HRTEM results indicate wellaligned taper-like single-crystalline ZnO hexagonal structure were achieved evidenced by a strong preferential growth along [0001] c-axis direction. Room temperature photoluminescence and Raman spectra results suggest the K doping introduced defect local electronic configuration. The K-doped ZnO nanotaper arrays used as photocatalysts present good photocatalytic performance to the degradation of 1,1,1-trichloro-2,2-bis (4-chlorophenyl) ethane (DDT) under simulated sunlight attribute to the K doping. The results reveal that taper-like K-doped ZnO nanostructures have significant and high photocatalytic actively and suitable alternative to other photocatalytic materials for environmental and water detoxification.
INTRODUCTION
Organochlorine pollutants are the widely used, toxic and most polluted types of Persistent Organic Pollutants (POPs) [1] . The photocatalytic oxidation technology by exploring semiconductor as photocatalyst is considered as promising environmental purification technologies due to their advantages of no secondary pollution and low cost [2] . In the past decades, zinc oxide (ZnO) nanostructures with various morphologies including nanoplates, nanorods, nanoneedles et al., have been widely considered for many applications, such as sensor, optical-devices and photocatalyst [3] [4] [5] . Among of current photocatalysts candidates, ZnO has high photocatalytic and quantum efficiency because of its effectiveness in the generation and separation of electron-hole pairs [6] . Besides, the taper-shape morphology creates larger active area than planar one, which increases the interfacial area contact. The nanotaper is also an ideal shape for harvesting light due to the sides of the taper-like structure are tilted [7] . However, the optical absorption of ZnO production is restricted to UV light region of solar spectrum and limit its practical application. An important approach for its visible-light response is to find a method for the growth of P-type ZnO nanostructures, which is a complex and difficult task due to the large binding energy and the slow diffusion processes in the acceptor dopants [8] [9] . Many attempts were made by various research groups to solve this issue through doping ZnO by different transition-metal ions for reducing the transition energy [10] [11] [12] [13] [14] . For instance, Cobalt (Co)-doped ZnO has been reported due to excess hyperchromic changes in the ZnO optical absorption, which is attributable to the band gap shrinkage. These changes by Co ions lead to a significant role in photocatalysis [13] . V-doped P-type semiconductor has been used for photooxidation of ethanol that revealed enhanced photo reactivity, but the side products were formic acid and carbon monoxide which are dangerous [14] . On the other hand, P-type ZnO can be achieved by doping with alkali metal elements and they are the most promising dopants materials as the shallow acceptors [15] [16] . Although many reports on Na and Li-doped ZnO in improving the optical and electrical properties of ZnO have been published, very few researches have been reported for K-doped ZnO [16] [17] [18] [19] [20] .
Motived by changing recombination trapping on the surface of photocatalysts and change the optical absorption to the visible light region, we herein proposed a facile electrochemical route to prepare the k-doped ZnO nanotapers which successfully control the process of crystallization. Furthermore, study on photocatalytic activities of K-doped ZnO were carried out under simulated solar light for photodegradation of 1,1,1-trichloro-2,2-bis (4-chlorophenyl) ethane (DDT) as modal organochlorine pollutant.
MATERIALS AND METHODS
All chemicals were of analytical grade and used without any treatment (Sinopharm Chemical Reagent Co., Ltd. , China). In a typical electrochemical deposition process, ZnO seed layer coated fluorine-doped tin oxide film was pre-fabricated via spin-coating method [21] . The precursor solution was prepared as follow. An equimolar mixture (0.1M) of hexamethylenetetramine (HMT) and zinc nitrate hexahydrate were first dissolved using DI water. Then, the solution was mixed with potassium nitrate (5 wt.%) as the precursor for K doping. After two hours stirring at room temperature, the pH of the solution was adjusted to 10 by adding few drops of NH4OH. After another twenty minutes stirring, precursor solution was obtained. A computerized potentiostat instrument (model CHI660E) with a twoelectrode system was employed to perform the growth of ZnO nanotapers onto FTO substrate ( Figure  1 ). The electrochemical deposition cell contains 35 ml of above chemical solution. The solution was saturated with O2 before deposition. The working electrode were fixed onto the substrate holder with effective area of 4 cm 2 and the distance to platinum counter electrode was kept at 3 cm. The chemical deposition constant current densities was of 0.5 mA/cm 2 . The growth time was controlled for 1 hour and temperature was kept at 90 °C. After growing ZnO nanostructures, the obtained vertically aligned ZnO nanotaper structures on FTO (mass loading was 2.1 mg/cm 2 ) were washed using ethanol and dry at 120 o C overnight. The undoped ZnO sample was prepared with similar procedure without the addition of potassium nitrate into precursor solution. The samples were characterized by FE scanning electron microscopy (FE-SEM, FEI Sirion 200) analysis. High-resolution transmission electron microscopy (HRTEM) (TECNAI G2 20S-TWIN, FEI) was employed to characterize size, morphology, and structure of the ZnO nanotapers. The optical properties were investigated by photoluminescence (PL) spectroscopy (LS55, PerkinElmer, CT, USA) and a LABRAM-HR Micro-Raman spectrometer (Jobin-Yvon) at room temperature.
The photocatalytic performance of K-doped ZnO nanotapers were assessed by the degradation of DDT (Aldrich) with a top irradiation reactor (50 ml) equipped with simulated sunlight resource (500-W Xe lamp with 340 nm cutoff filter). The catalyst loaded was controlled at 100 mg/L. The initial DDT aqueous concentration was of 20ppm. pH value was adjusted by drops of HCl or KOH (0.5M). Each concentration of DDT during the photodegradation with time were determined by GC-MS analysis (Thermo,TSQ8000 Evo) [22] . Figure 2a shows High-magnified FESEM image of the K-doped ZnO nanotapers grown on the FTO substrate by electrochemical technique, which indicates K-doped ZnO crystals with taper-like structures and vertically aligned on a large scale. Each ZnO nanotaper contains of a hexagonal stalk with a tapering tip. As shown in figure 1b, the diameter of these nanotapers gradually reduces from bottom to top in the range of 160 ± 20 nm to 10 ± 5 nm, respectively, and with a length of around 2 μm. At an applied current density of 0.5 mA/cm 2 , the polar planes have a tendency to disappear and only the faceted (1000) and (0101) habits finally appeared which had resulted in the tapering tips [23] . Figure 3a shows the PL spectra of the K-doped ZnO nanotapers measured at room temperature. PL spectra of K-doped ZnO nanostructures show a strong ultraviolet (UV) emission peak appearing around 381 nm, and a weak visible emission peak at 576 nm. The broad visible band observed for ZnO nanostructures can be attributed to the deep level defects such as zinc interstitials and oxygen vacancies [24] [25] . The narrow UV emission has been associated to the near band edge emission or radiative annihilation of bound excitons [26] . Furthermore, the sharp UV emission suggests narrow distribution of the nanotapers, which has a good accordance with the FESEM results.
RESULTS AND DISCUSSION
The backscattering Raman spectra for the K-doped ZnO nanotapers ranging from 300 to 700 cm -1 is presented in Figure 3b . The Raman spectra indicates a sharp and strong peak at 438 cm -1 corresponding to the E2 (high) mode which is related to a characteristic peak for the wurtzite hexagonal phase of ZnO [27] . A weak peak at 581 cm -1 related to E1 (LO) is shown for the K-doped ZnO nanotapers which can be associated with the formation of defects and impurities such as oxygen vacancy and zinc interstitial [28] . Therefore, it might be expected that the E1 (LO) mode is attributed to the defects introduced by K doping, which indicates a successful incorporation of K ions into the ZnO lattice. Additional structural characterization of K-doped ZnO nanotapers was shown in Figure 4 . A high magnification TEM image of an as-synthesized ZnO nanotaper reveals the full compatibility with the obtained FESEM results in terms of its morphology and dimensions. it is clearly observed from the HRTEM image (inset of Figure 4 ) that the lattice fringe spacing is approximately 0.26 nm which corresponds to the d-spacing of (002) crystal planes of the wurtzite hexagonal ZnO [29] . Combined with the select-area electron diffraction pattern (SAED) taken from the head of the nanotaper, it confirms that the nanotaper grows along the [0001] c-axis direction.
The solar light degradation experiment was performed on the DDT aqueous solution with different photocatalyst. Compared with undoped ZnO sample, the alkali metal ions doped in ZnO host improve the photocatalytic activity as demonstrated in Figure 5a . The maximum degradation of 91% was attained by using K-doped ZnO catalyst under neutral pH condition within 4 hours. This evidently proves that ZnO doped with K + ions degrades DDT more effectively than undoped ZnO nanostructures.
It can be associated to an increase in defect sites generated by K + doping which lead to an optical absorption enhancement in the visible region [30] K-doped ZnO generates electron-hole pair in the conduction and valence bands and the exciting electron from the conduction band of photocatalyst moves into the structure of DDT and mistunes its conjugated system that leads to the dechlorination of DDT [31] [32] [33] . Figure 6a indicates the photocatalytic activity of K-doped ZnO nanotapers under different pH condition. DDT photo-degradation rate with K-doped ZnO under pH = 10.4 is faster than pH = 6.9 and pH = 4.1. By taking constant DDT initiate concentration of 20 ppm, the maximum degradation efficiency of 97% was achieved under the pH=10.1. The corresponding rate constants (k) as revealed in Figure 6b are 0.0148 (pH =10.1), 0.0106 (pH =6.9), and 0.0032 min-1 (pH = 4.2) respectively. This phenomenon could attribute to the hole reacts with OH-in the photoreaction and concentration of generated OH• (hydroxyl radical) is high with an increasing pH [22] . The comparation of photocatalytic performance between some previously published report and the present study of similar catalysts for DDT removal application are summarized in table 1. The findings show that K-doped ZnO taper-like photocatalysis materials with low cost and high efficiency can be considered as one of the effective futuristic water purification methods. 
CONCLUSIONS
K-doped ZnO nanotapers have been synthesized by low-cost and convenient electrochemical technique. The structural results exhibited the growth of taper-like ZnO single crystal along the [0001] direction. The Raman spectra indicated a successful incorporation of K ions into the ZnO lattice. Room temperature PL spectra showed sharp UV emissions centered at 381 nm and broad visible emissions in the range of 465 nm to 690 nm. The sharp feature appeared in the UV emission region suggests the narrow distribution of the nanotapers, which has a good accordance with the FESEM results. The results indicate that the photocatalytic activities of K-doped ZnO nanotapers are higher than undoped ZnO under simulated solar light. The development of doped ZnO photocatalysts might be considered an advance in large-scale operation of heterogeneous photocatalysis by visible light response to address the issues of environmental pollution and water contamination.
